o-Asphyxia is the most common cause of severe brain injury in very young children, and frequently results in lesions of the periventricular white matter in addition to other neuropathological changes. This study examines the effects of asphyxia on regional cerebral blood flow (rCBF) and the role of prostaglandins (PG's) in its control in the newborn beagle pup. Pups were anesthetized, tracheotomized, paralyzed, artificially ventilated, and randomly assigned to two groups: asphyxial insult produced by discontinuing ventilatory support, and no insult. Experiments for carbon-14-iodoantipyrine autoradiographic determination of rCBF and regional cerebral PG determination were performed on separate groups of pups. These studies demonstrated a significant increase in cortical gray PGE2 levels at a time when rCBF was significantly impaired in response to severe asphyxial insult. No such increase was noted in the periventricular white matter zones. KEY WORDS 9 prostaglandin 9 cerebral blood flow 9 cerebral anoxia 9 dog
S
EVERE perinatal asphyxia has been reported to occur in 1 in 50 to 1 in 500 live human births. TM These infants suffer the combined consequences of both hypotensive and hypoxemic insults, and followup studies demonstrate a 20% to 30% incidence of moderate to severe neurodevelopmental difficulties including cerebral palsy, mental retardation, and seizures. 12"13' 4~ Investigations of experimental neonatal animals and newborn infants with perinatal asphyxia have demonstrated alterations in cerebral blood flow (CBF) throughout the developing brain, and have led to the hypothesis that both the neuropathological and clinical manifestations of perinatal asphyxia are secondary to these changes. 2' 24' 27' 3~176 During the past 10 years, numerous investigators have studied the role of prostaglandins (PG's) in the control of CBF in both physiological and pathological conditions. 15' 25' 39' 43' 47' 52 The level of free arachidonic acid in the normal brain is quite low, but insults such as ischemia, trauma, and seizures have been reported to promote the release of free fatty acids from tissue phospholipids by activation of local phospholipases. 5, 6 In the presence of tissue oxygen, the cyclo-oxygenase pathway for the synthesis of PG's from arachidonic acid proceeds with the formation of various prostanoid compounds. 38 '44 Several authors have speculated that the maintenance of normal tissue perfusion depends upon a balance in the synthesis of the two major cerebral PG's: prostacyclin (PGI~) and thromboxane A2 (TXA2).15'21'22 In addition, recent studies have suggested the importance of PGE2 in control of blood flow to the developing brain. 2~
The newborn beagle pup provides a good model for the study of injury to the developing brain. 19, 42 In an ongoing study of the components of perinatal asphyxia, hypoxia, and hypotension, the authors have previously reported marked alterations in CBF and regional cerebral PG's in newborn beagle pups exposed to both models for asphyxia. [34] [35] [36] [37] In addition, the data suggested that PGE2 (not PGI2, as in adult animal experimental models) played a major role in the control of CBF in neonatal animals. The current study investigates the relationship between regional CBF (rCBF) and regional PG's in newborn beagle pups exposed to 1 5 minutes of total asphyxia.
Materials and Methods
Newborn beagle pups (24 to 96 hours) were lightly anesthetized with intraperitoneal pentobarbital (20 mg/ kg), tracheotomized following local 1% Xylocaine (lidocaine) infiltration, paralyzed with subcutaneous Flaxedil (gallamine triethiodide, I mg/kg), and ventilated with a mixture of 30% oxygen and 70% nitrous oxide (for analgesia). Bilateral femoral venous and arterial lines were inserted, and arterial blood pressure was monitored using a pressure transducer and polygraph recorder. Body temperature was recorded by a thermal probe and maintained by means of a warming light at 36.5* to 37.5~ Ventilatory rate and tidal volume were adjusted to maintain arterial normoxia (> 40 mm Hg) and normocapnia (30 to 40 mm Hg).
The scalp of each pup was incised along the midline and a small plastic funnel was positioned over the craniotomy. The scalp wound edges were snugly approximated to the perimeter of the funnel, and the area was saturated with 1% Xylocaine for local anesthesia.
When the pups were physiologically stable, they were randomly assigned to asphyxia or control groups. Asphyxia consisted of temporarily withdrawing ventilatory support for a period of 15 minutes. There were no deaths associated with this protocol. Control pups continued to be ventilated and were observed for a comparable period of time. Immediately following this 15-minute period, animals either underwent carbon-14-iodoantipyrine (~4C-IAP) measurements of CBF or underwent rapid in situ freezing of the brain for regional PG determinations.
Cerebral Blood Flow Studies
Determinations of rCBF were made by a bolus venous infusion of 50 uCi IAP simultaneously with the arterial withdrawal of blood into an artificial organ system composed of approximately 80 cm of polyethylene tubing (PD-60) attached to a Harvard infusion/ withdrawal pump* calibrated to withdraw blood at a constant rate of 2.72 ml/min. At the end of 5 seconds, the animals were rapidly decapitated and the brains were removed and placed in isopentane chilled to -60~ Brain sections, 32u thick, were prepared with a cryostat maintained at -15 ~ to -10*C. Every 25th section was placed on a glass slide, dried on a hot plate at 60 ~ to 700C, and placed sequentially in an x-ray cassette loaded with Kodak SB-5 film for 7 days. Calibrated plastic standardst were placed adjacent to the tissue sections. Local tissue concentrations were determined by densitometric measurements on a Leitz microdensitometer.
Arterial blood withdrawn during the ~4C-IAP venous injection was placed in preweighed scintillation vials, and aliquots were removed in triplicate and treated with an equal volume of hydrogen peroxide. The ~4C-IAP determinations were made using a scintillation counter~ and standard liquid spectrometry. The CBF values were determined by the following formulation: CBF (ml/100 gm/min) = (muCi in brain/gin)(2.22 • 103 dpm/m~zCi)(2.72 ml/min) (total dpm in syringe blood) * Infusion/withdrawal pump manufactured by Harvard Apparatus, Inc., Millis, Massachusetts.
t Calibrated plastic standards obtained from Amersham, Arlington Heights, Illinois.
Scintillation counter, Model 4550, manufactured by Packard Instrument Co., Downers Grove, Illinois.
Regional Prostaglandin Determinations
Fifteen minutes after random assignment of animals to an insult or no-insult group, freezing of the brain in situ was begun. Brains were frozen by pouring liquid nitrogen into the scalp funnel for at least 5 minutes. Frozen brains were immediately dissected using instruments cooled by storage on dry ice. Brain specimens were stored at -80~ until the time of PG extraction. Prostaglandins were extracted as previously described, 35'36 and PG are reported as picogram (pg)/ milligram (mg) wet cerebral weight.
Statistics
Unpaired t-tests and analyses of variance were employed for data analysis.
Results

Cerebral Blood Flow Studies
Physiological Data. Determinations of CBF were performed with 14C-IAP on 16 pups, eight of which had been randomized to be subjected to asphyxia. Arterial blood gas values and animal weights are found in Table 1 ; no significant differences in any of these parameters were noted prior to the initiation of asphyxia. Following 15 minutes of asphyxial insult, the values for pO2, pCO2, and pH were significantly different for the animals with asphyxia compared to the control group (p < 0.01).
The mean arterial blood pressure (MABP) data are shown in Table 2 . The MABP of the control animals remained constant over the time course of the experiment. The asphyxiated pups, however, had gradual increase in MABP to a peak of 78.4 _+ 10.1 mm Hg (mean _+ standard deviation (SD)) at 2 89 minutes of insult. Following this peak, MABP gradually decreased throughout the experimental period. Analysis of variance statistics for the blood pressure curves for the control and insulted pups demonstrates significant group effect (F(I, 14) = 11.76, p < 0.01) and significant Cerebral Blood Flow Determinations. The regional CBF values are found in Table 3 . For the control pups the CBF values for the frontal, temporal, and parietal gray matter, respectively, were 34.0 + 5.66, 34.8 + 4.75, and 37.0 _+ 5.76 ml/100 gm/min. The values for the same regions in the asphyxiated pups obtained after insult were 2.5 _+ 4.81, 2.83 _+ 4.92, and 2.83 _+ 4.92 ml/100 gm/min, respectively. For all of the gray matter regions studied, there was therefore a significant decrease in CBF in the asphyxiated pups (p < 0.01 for all). The CBF values for the frontal, temporal, and parietal white matter regions of the control pups were 5.5 + 1.22, 5.83 + 1.33, and 7.33 _+ 1.37 ml/100 gm/min, respectively, compared to < 1 ml/100 gm/ min (not quantifiable by our instrumentation) for the same regions for the asphyxiated pups. Similarly, significant decreases in flow to the caudate nucleus region and germinal matrix areas of the asphyxiated pups were documented (Table 3) .
Regional Cerebral Prostaglandin Studies
Physiological Data. Regional cerebral PG determinations were performed on eight pups, 4 of which had been randomly assigned to receive asphyxia. Arterial blood gas values and animal weights are found in Table  4 ; no significant differences in any of these parameters were noted prior to the initiation of insult. Following 15 minutes of asphyxia, significant differences were found in all of the values ( Table 4 ). The MABP (Table 5 ) of the pups in the asphyxiated group was 63.3 _+ 10.4 mm Hg prior to the initiation of insult, compared to 67.5 _+ 10.5 mm Hg for the control pups. Similar to the CBF study series of animals, the animals exposed to insult in this group of experiments also experienced a peak in MABP at 2 89 minutes followed by a gradual decline in blood pressure during the asphyxia period. Analysis of variance statistics for the blood pressure curves for the control and insulted pups demonstrates significant group effect (F(1,6) = 21.7, p < 0.01) and significant time effect (F(4,24) = 91.97, p < 0.001) as well as significant Group x Time interaction (F(4,56) = 101.94, p < 0.001).
Regional Cerebral Prostaglandin Data. Regional cerebral PG data are shown in Table 6 . The 6-keto-PGFI~, TXB2, and PGE2 values for the gray matter of the control pups were I 1.39 _+ 1.52, 12.87 _+ 1.96, and 7.21 + 2.01 pg/mg (_+ standard error of the mean), compared to 7.03 + 0.86, 18.1 + 5.05, and 15.02 + 2.62 pg/mg for the same prostaglandins for the gray matter of the asphyxiated pups. These values indicate a significant decrease in the 6-keto-PGFl~ in the insulted pups compared to the control animals (p < 0.05) and a significant increase in PGE2 in the gray matter of asphyxiated pups when compared to their noninsulted controls (p < 0.01). For the white matter, the 6-keto-PGFI,, TXB2, and PGE2 values for the control pups were 10.42 + 3.37, 6.82 + 1.57, and 5.2 + 1.17 pg/mg, compared to 8.23 _+ 1.34, 7.71 + 1.33, and 4.09 + 0.68 pg/mg for the same prostaglandins for the white matter of the asphyxiated pups. These values indicate no significant changes in these three prostaglandins in pups in the insult group.
Discussion
The study of CBF and metabolism has markedly improved the understanding of severe brain injury in very young children. Neonates who suffer severe perinatal asphyxia may be profoundly hypoxic and hypotensive.11,46,51 Abnormalities seen on technetium brain scans have suggested disruption of the normal neonatal blood-brain barrier, 46 and computerized tomography (CT) scans have shown a diffuse pattern of low density consistent with edema formation throughout the cerebral hemispheres. 13' 14 Sankaran, et al., 45 reported significant decreases in CBF through the first 4 postnatal days in asphyxiated infants, and Volpe, et al., 5~ employed positron emission tomography to demonstrate marked CBF decreases in preterm infants with presumed hemorrhagic infarction. Their patients appeared to have a greater depression of CBF to the periventricular white matter than to gray matter regions. Finally, follow-up CT studies have demonstrated parieto-occipital low-density areas and evidence for both central and cortical tissue lOSS. 13'14 Postmortem examinations confirm the common occurrence of subcortical necrotic changes. 3.4.26 Neonatal animals exposed to experimental asphyxia models also show bradycardia and hypotension. 49 Tracer studies reveal the loss of the normal blood-brain barrier integrity, 31 and CBF becomes pressure-passive. 27' 3~ Examination of the components of asphyxia, hypotension, and hypoxemia in newborn pups reveals differential changes in CBF to various brain regions. Young, et al., 54 studied acute hypotension and demonstrated a relative preservation of CBF to cortical and central gray matter structures with marked decreases in flow to the periventricular white matter, the site of neuro- pathological insult. Others 7'23 have reported significant increases in CBF to gray regions in newborn beagle pups exposed to hypoxemic insult compared to only small increases in flow to the periventricular white matter. Studies of local cerebral glucose utilization in both the hypotensive and hypoxemic models have demonstrated marked increases in metabolism in the periventricular white matter, and Duffy, et al., 8 have hypothesized that the failure of the periventricular white matter to provide "compensatory hyperemia" to this extremely metabolically active zone may result in the neuropathological changes found there. Finally, when Vannucci and Duffy 49 exposed newborn pups to acute asphyxia, CBF was diminished throughout the hemispheres.
Although several investigators have suggested that PG's are responsible in part for the control of local CBF, the cerebrovascular role of endogenously synthesized PG's has yet to be fully explained and these compounds may be of most importance in the injured brain. 15,17,18,25,39'43'47'48 '52 Free fatty acids, including arachidonic acid, are released from ischemic brain, 5' 6' 53 and, in the presence of tissue oxygen, the PG synthetic cascade may be activatedJ 6'44 Shohami, et al., 46 employed a carotid artery occlusion model for ischemia in rats and found increases in PGE2 and TXB2 during a 15-minute ischemic period. Pretreatment of the animals with indomethacin (a cyclo-oxygenase inhibitor) prior to insult reduced these PG changes. Similarly, Hallenbeck and Furlow 21 demonstrated significant enhancement of postischemic CBF in animals receiving the combination of indomethacin and prostacyclin after complete CSF compression ischemia insult.
Studies in neonatal animals confirm the importance of prostaglandins for cerebrovascular pathophysiology. Several studies suggest that cyclo-oxygenase inhibitors decrease CBF in perinatal animals. 28' 29' 33 Goddard-Finegold and Michael 2~ administered PGE2 to newborn beagle pups and demonstrated marked increases in CBF. Leffler and Busija 28 reported increased cortical subarachnoid fluid concentrations of 6-keto-PGFl., TXB2, and PGE2 in piglets exposed to a model for perinatal asphyxia. Systemic administration of indomethacin decreased these findings. Finally, Allen, et al., ~ reported elevations in cerebral PGE2 in newborn guinea pigs exposed to asphyxia.
Our previous studies of regional CBF and cerebral PG concentrations in newborn beagle pups have demonstrated regional alterations in both CBF and cerebral PG concentrations in response to both hemorrhagic hypotension and hypoxemia. 34-37 Pups exposed to hypotension (MABP 24 + 3 (SD) mm Hg) maintained CBF to cortical and central gray matter structures during insult while CBF to the periventricular white matter zones significantly decreased. Regional cerebral PG determinations demonstrated decreases in TXB2 and 6-keto-PGFl, in both gray and white matter. Although gray matter PGE2 was elevated, this increase was not found in the periventricular white matter of injured pups. Similarly, animals exposed to hypoxemia (pO2 13.1 + 2.1 mm Hg) experienced increases in CBF: CBF was increased to gray regions and relatively less increased to periventricular white matter zones. Prostaglandin E2 was also increased in the cortical regions of the asphyxiated pups compared to controls. No such increase was found in the periventricular white matter.
The current studies report alterations in regional CBF and PG concentration in response to severe asphyxia. This model produced severe hypoxemia, hypercarbia, and acidosis in newborn beagle pups; MABP initially rose but after 2 89 minutes of insult MABP decreased to levels previously reported in studies of hemorrhagic hypotensive insult. When examined at a single, final point in the experimental protocol, CBF was significantly diminished in all brain regions examined. At the same time point, there were no significant differences between control and experimental groups in any of the PG's measured in white matter (Table 6 ). In contrast, there was more than a twofold increase in gray matter PGE2 after asphyxia, with no change in TXB2 and a slight decrease in 6-keto-PGFl,. No such alterations were found in the periventricular white matter. Similar to the reports of others, 1'28'46 these studies demonstrate a significant increase in cortical gray matter PGE2 at a time when CBF is significantly impaired. No such increase was noted in the periventricular white matter zones, the site of neonatal neuropathological injury. The role of PGE2 in severe brain insult remains unknown. Hence, the response of PG's in brain during injury remains open to speculation, and further investigations into the PG-mediated control of CBF are needed. 
